We present an all-solid-state flexible and stretchable pseudocapacitor composed of dodecylbenzenesulfonate-doped polypyrrole (PPy(DBS))-coated vertically aligned carbon nanotubes (VACNTs) partially embedded in a polydimethylsiloxane (PDMS) substrate. VACNTs are grown via atmospheric-pressure chemical vapor deposition on a Si/SiO 2 substrate and transferred onto PDMS. Then, the PPy(DBS) film is coated with a surface charge of 300 mC cm −2 on individual carbon nanotubes (CNTs) via electropolymerization. The partial embedment of VACNTs in PDMS permits a rapid and facile integration of the PPy(DBS)/ CNTs/PDMS structure to construct a flexible and stretchable supercapacitor electrode. The measured capacitance is 3.6 mF cm − 2 with a PVA-KOH gel electrolyte at a scan rate of 100 mV s −1 , which is maintained under stretching from 0% to 150% and bending/twisting angles from 0°to 180°. This all-solid-state stretchable supercapacitor shows a stable galvanostatic performance during 10 000 charge/discharge cycles with its capacitance retained at 109%.
Introduction
There are two types of charge storage devices: pseudocapacitors and electric double layer capacitors (EDLCs). If there is ion insertion/adsorption accompanied by reduction-oxidation reactions from electrolyte into/onto the electrode, this type of capacitor is called a 'pseudocapacitor'. A pseudocapacitor will store approximately twice the energy of a typical EDLC of the same size and weight with lower cost per unit of energy. There is a growing and significant opportunity for pseudocapacitors especially inportable and handheld products [1, 2] . Several electrode materials including metal oxides (e.g. RuO 2 , MnO 2 ) and conducting polymers (e.g. polypyrrole (PPy), polythiophene, and polyaniline) have been explored and demonstrated for pseudocapacitor applications [3] [4] [5] . Conjugated polymer-based pseudocapacitors show high capacitance in various electrolytes at operating voltages of about 3 V [6] . Conjugated polymer is one of the widely used electrode materials for pseudocapacitors, because of its chemical diversity, easy-to-control shape and morphology, low production cost, and low weight [7] . Polypyrrole (PPy) is a popular conjugated polymer widely used in various applications owing to its low cost, environmental stability, biocompatibility, and simple fabrication method [8] . PPy is typically doped with cations to achieve higher conductivity [9] [10] [11] [12] . Due to the volume change of polymer surface (i.e. swelling and shrinking) during redox [13] , pseudocapacitors made up of PPy often degrade over time, showing a marginal cycling stability [8, 10, 14] . To achieve a high capacitance, porous three dimensional (3D) structures have been used to diffuse more ions in and out of the polymer film [5, 12, 14, 15] . The structure of carbon nanotubes (CNTs) coated with a thin film of PPy makes a smooth charge transfer between PPy, increasing the conductivity of the electrodes [16] . In addition, the embedment of CNTs in PPy matrix has been shown to enhance the mechanical strength and stability of PPy/CNTs composites during the long-term charge/discharge cycles [17] .
A variety of strategies have been reported to obtain PPy/ CNT-based pseudocapacitors. CNTs coated with PPy composite fibers with a core-shell structure have shown a stable electrochemical performance under bending and twisting [16] . A flexible supercapacitor electrode fabricated by electrodepositing PPy on vacuum-filtered CNT films has demonstrated a capacitance of 0.28 F cm −2 at 1.4 mA cm
and a stretching strain of 4% [18] . A 3D CNT network with the PPy/metal oxide layers has shown stable supercapacitor characteristics under 50% compression strains [19] . It is challenging to realize a pseudocapacitor that possesses both high flexibility/stretchability and good electrochemical properties.
In this work, we demonstrate a flexible pseudocapacitor composed of dodecylbenzenesulfonate-doped PPy (PPy (DBS))-coated vertically aligned carbon nanotubes (VACNTs) partially embedded in a polydimethylsiloxane (PDMS) substrate. We first grow 100 μm thick VACNTs via atmosphericpressure chemical vapor deposition (APCVD), followed by partial embedment of VACNTs into PDMS, after which the fully cured PDMS tightly holds individual CNTs. We then conformally coat the PPy(DBS) film on individual CNTs. We show that the incorporation of DBS molecules permits uniform coating of PPy and increases conductivity of the electrodes (PPy(DBS)/CNTs), while providing easy access of ions to individual PPy(DBS)/CNTs to enhance capacitance. Finally, we show that the fabricated PPy(DBS)/CNTs/PDMS structure achieves a high level of integrity as a pseudocapacitor electrode with the gel electrolyte at various scan rates under strains for numerous charge/discharge cycles.
Experimental section

Fabrication of PPy(DBS) on VACNTs/PDMS structure
The fabrication sequence to construct the PPy(DBS)/CNTs/ PDMS structure is illustrated in figure 1(a) . Detailed fabrication sequence to construct VACNTs/PDMS structure is reported elsewhere [20] . CNTs were grown via APCVD.
After the growth of CNTs, liquid PDMS was heated on a hot plate at 65°C for about 30 min to partially cure PDMS, and then the CNT carpet was placed face-to-face onto the partially cured PDMS. As a result, tips of interwoven CNTs were embedded into PDMS, which facilitates a strong bonding between individual CNTs and PDMS [20] . Furthermore, the transfer of CNTs onto partially cured PDMS allowed the CNTs to remain vertically aligned, which increases electrical conductivity [21] . Subsequently, PPy(DBS) was coated on the VACNTs via electropolymerization, during which, the VACNTs/PDMS structure was submerged in solution consisting of 1 ml pyrrole monomer (Sigma-Aldrich, reagent grade, 98%) and 150 ml of 0.1 mol l −1 NaDBS (SigmaAldrich, technical grade) as working electrode. A gold-coated silicon substrate and a saturated calomel electrode (SCE) were also submerged in solution as reference and counter electrode, respectively. The electropolymerization of PPy(DBS) film was initiated by applying 0.8 V (versus SCE) to the working electrolyte and stopped once the surface charge density (e.g. 300 mC cm −2 ) was reached to obtain the polymer film with a desired thickness; ∼12.15 nm PPy(DBS) thickness was achieved with the charge density of 50 mC cm −2 and ∼171.4 nm with the charge density of 500 mC cm −2 . Then, obtained PPy(DBS)/CNTs/PDMS was rinsed with water and dried in water overnight before further characterization via SEM, TEM, CV, and contact angle (CA) measurements.
Fabrication process of the all-solid-state flexible supercapacitor
PVA-KOH gel electrolyte was fabricated using the same method described with the previous paper [20] . PVA-KOH gel electrolyte was fabricated by mixing 1 g poly(vinyl alcohol) (PVA) powder with 1 g KOH powder in 10 ml DI water and mixed at 60°C for around 1 h, while continuously stirring until it took on a homogeneous, viscous and clear appearance. Then, PVA-KOH gel was dripped on the surface of PPy(DBS)/CNTs, and two electrodes were stacked faceto-face with electrolyte in between as a sandwich system for pseudocapacitors.
Characterization and measurements
The scanning electron microscope (SEM) (Auriga Small Dual-Beam FIB-SEM, Carl Zeiss, Jena, Germany) and transmission electron microscopy (TEM), were used to characterize the samples, respectively. The electrochemical properties were measured in a two-electrode configuration via potentiostat. A cyclic voltammetry (CV) test was taken at varying scan rates from 10 to 1000 mV s −1 in the range of 0-0.5 V. The galvonostatic charge/discharge test was performed at different current densities. The detailed calculation of the capacitance is described in the previous paper [20] . The wetting property of PPy(DBS)/CNTs/PDMS electrode was tested by analyzing the CA of a 3.5 μl droplet of 0.1 mol l −1 NaNO 3 solution using a goniometer (Rame-hart, Model 250). The reduction of PPy(DBS) surface was performed using a two-electrode configuration, in which PPy(DBS) was connected to the working electrode and a 24 K gold wire was connected to the counter electrode.
Ion diffusion during PPy(DBS) redox
Having alternated single and double (i.e. conjugated) carboncarbon bonds along the polymer backbone, conductive polymers demonstrated conductivity and experienced oxidization and reduction (redox) when applied with different voltages. This redox process involves diffusion of ions in and out of the polymer film, which constitutes a pseudocapacitive behavior [8] . The ion diffusion process during PPy(DBS) redox can be described by
where PPy + and PPy 0 are the doped (oxidized) and undoped (reduced) state of polymer, respectively, and K + is the potassium cation in the electrolyte. In the first equation, PPy KDBS 0 ( )indicates DBS -is immobile in the polymer, and the charge neutrality is maintained by the inward diffusion of K .
+ In the second equation, DBS -is mobile and is diffused outward during reduction. Our previous study on PPy(DBS) confirmed that both processes occur at the same time [22, 23] . , and to 350 nm (i.e. PPy(DBS) film thickness of ∼171.4 nm) with the charge density of 500 mC cm −2 , which are shown in figures 2(e) and (f), respectively. Now we discuss the effect of DBS-molecules on the efficacy of electropolymerization of PPy(DBS) and the improvement of electrochemical properties of the pseudocapacitor. We fabricated the pseudocapacitors with varying fabrication conditions and tested the performance with PPy (DBS) and PPy (i.e. no DBS-). For electropolymerization of PPy on CNTs, CNTs/PDMS were immersed in pyrrole monomer solution. Here, it is challenging to electropolymerize the polymer film on individual CNTs using a monomer solution that hardly wets the CNT surface, because CNTs are superhydrophobic materials [14, 15] . This hydrophobic property of CNTs causes the PPy film to be coated only on the top surface of the VACNT carpet, as shown in figures 3(a), (b) . However, with a DBS-doping (i.e. DBS-is an anionic surfactant that lowers surface tension), individual CNTs can be fully wetted by the solution consisting of pyrrole monomer and NaDBS during electropolymerization. The DBS-doping not only lowers the surface tension at the liquid interface to provide uniform and conformal coating of the PPy(DBS) film on individual CNTs (figures 3(c), (d) ), but also improves the conductivity of the PPy film, further improving the electrochemical properties of the pseudocapacitor [24] [25] [26] . We measured the CA of a water droplet on a PPy/CNTs/PDMS surface, which remained at 120°during oxidation or reduction ( figure 3(e), top) . On the other hand, the CA of a water droplet on the PPy(DBS)/CNTs/PDMS surface was 88°during oxidation and 70°during reduction. This tunable wettability of PPy(DBS) enhances the access of ions (i.e. K + from PVA-KOH gel) to the PPy(DBS)/CNTs/ PDMS surface during reduction, further improving the device performance [22, 23, [27] [28] [29] . Figure 3(f) shows that the capacitance of a PPy(DBS)-based pseudocapacitor was much larger than the capacitance of a PPy-based pseudocapacitor at scan rates below 100 mV s −1 (1.6 times larger at a scan rate of 10 mV s −1 ). In contrast, the capacitances of both cases were not different at high scan rates, attributed to the time delay (i.e. time for PPy(DBS) to switch wettability during reduction) [23] . Due to this time delay at higher scan rates, the wettability switch of PPy(DBS) is not fully completed. Redox voltages need be applied for sufficient time to transport enough ions in and out of PPy(DBS) to achieve the wettability change. In contrast to lower scan rates, capacitance values for PPy(DBS)/CNTs-based pseudocapacitors at higher scan rates were thus more similar to those of PPy/CNTsbased pseudocapacitors than at lower scan rates. Figure 4 (a) shows the electrochemical properties of the PPy(DBS)-based pseudocapacitor measured at voltages from 0.5 to 1.0 V, and figure 4(b) depicts the galvanostatic charge/ discharge characteristics at varying current densities (0.0053, 0.032, and 0.011 mA cm −2 ). Figure 4 (c) shows that the CV curve is stable for 10 000 charge/discharge cycles with a capacitance retention of 109%. SEM images of the PPy (DBS)/CNTs after electrode manufacturing and 10 000 cycles are provided in Figure S4 to illustrate the structural stability. As shown, CNTs are clustered following repetitive cycles, forming valley-like formations; the retention rate surpassing 100% can possibly be related to a combination of cycling measurement induced improvement in the surface wetting of the electrode [30, 31] , and continual expansion and contraction of PPy(DBS) during redox cycles [32] , leading to more electroactive surface area.
Results and discussion
The mechanical flexibility of the pseudocapacitor was characterized ( figure 5) . Photographs demonstrating the flexibility of the pseudocapacitor under stretching and bending are shown in figure S1 and figure S2, which are available online at stacks.iop.org/NANO/30/095401/mmedia. The capacitance of a PPy(DBS)/CNTs/PDMS structure decreased by 30% at the stretching strain of 150%. The capacitance was maintained under bending and twisting of the same structure at various bending/twisting angles from 0°to 180°. Figure 5(a), (c) , (e) shows the CV curves under stretching (100% tensile strain), bending (90°bending angle), and twisting (90°twisting angle) states, in comparison with the CV curves without stretching, bending, or twisting. The stable electrochemical properties of the pseudocapacitor indicate that the device is reliable under various types and magnitudes of strains.
Properties of different pseudocapacitors consisting of electrode materials composed of PPy and/or CNTs have been presented in table S1, as comparison to the performance of the PPy(DBS)/VACNT/PDMS pseudocapacitor reported herein, including: electrode material(s), electrolyte, scan rate or current density, cycles performed, capacitance, capacitance retention, stretching and bending/twisting angles (while retaining capacitance). Pseudocapacitor electrodes combining conductive polymers with CNTs have commonly incorporated CNTs via dip-coating [33, 34] , vacuum filtration [18] , precipitation from aqueous solutions [35] , and doping via polymerization [36, 37] . In contrast, VACNTs presented herein were directly grown via CVD, after which PPy was coated on CNTs with DBS-molecules to reduce interfacial tension during electropolymerization, thereby coating the polymer conformably to individual CNTs, resulting in a large effective surface area.
Conclusions
We have demonstrated a flexible and stretchable pseudocapacitor composed of PPy(DBS)-coated VACNTs/PDMS. The PPy(DBS) film was conformally deposited on individual CNTs, providing easy access of ions to individual PPy(DBS)/ CNTs to enhance the electrochemical properties. The PPy (DBS)/CNTs/PDMS structure was constructed via a partial embedment of VACNTs in PDMS, warranting a reliable electrochemical performance under various strains. The PPy (DBS)/CNTs/PDMS structure with a gel electrolyte was used as an all-solid-state pseudocapacitor, and the electrochemical stability and repeatability were tested at the scan rates from 10 to 1000 mV s −1 . The fabricated PPy(DBS)/ CNTs/PDMS structures exhibited high flexibility, stretchability and stability under stretching up to 150%, bending up to 180°, and twisting up to 180°. The all-solid-state flexible pseudocapacitor showed a stable cyclic behavior up to 10 000 cycles of galvanostatic charge/discharge measurement. The fabricated pseudocapacitor demonstrated a high level of integrity at various scan rates for numerous charge/discharge cycles, while maintaining stable electrochemical properties under various types and magnitudes of strains. 
